1. Introduction {#S1}
===============

EAG channels belong to the KCNH family, which includes EAG (ether-à-go-go), ERG (EAG-related gene) and ELK (EAG-like K^+^) channels \[[@R1]\]. Mammalian EAG1 channels are strongly expressed in several brain regions, including brain stem, cerebellum, hippocampus and olfactory bulb \[[@R2]\], but the specific physiological roles are still not completely understood. More is known about their role in disease. Increased expression of these proteins is linked to certain cancer types including prostate, colon, ovary, melanoma, liver and thyroid cancer cells. Inhibition by blockers, antibodies, and siRNA has been shown to decrease proliferation of tumor cell lines (for recent review see Ref. \[[@R3]\]). Recently, de novo mutations in EAG1 have been shown to cause Temple-Baraitser syndrome, a developmental disorder characterized by intellectual disability and epilepsy \[[@R4]\]. Thus, these channels have great therapeutic potential.

EAG1 channels have unique biophysical properties, quite distinct from the closely related hERG1 channel \[[@R5]\]. Depolarization leads to relatively fast activation currents, which exhibit a prominent Cole-Moore shift, i.e., activation is delayed and slowed when currents are elicited from more negative holding potentials \[[@R6],[@R7]\]. EAG1 channels show intrinsic, voltage-dependent, slow, C-type inactivation \[[@R8]\] in contrast to hERG1 channels, which exhibit very fast, voltage-dependent C-type inactivation \[[@R5]\]. The mechanistic and structural basis of C-type inactivation was extensively studied in several K^+^ channels using site-directed mutagenesis, X-ray crystallography, and molecular dynamics (MD) simulations. These studies suggest that C-type inactivation reduces K^+^ conductance via subtle voltage-dependent conformational changes of the selectivity filter, which can be preceded by a transient loss of K^+^ selectivity \[[@R9]--[@R15]\]. C-type inactivation in most K^+^ channels, including the closely related hERG1 channels, can be slowed by elevated extracellular \[K^+^\] and extracellular TEA \[[@R9],[@R16]\]. Further, a number of K^+^ channels were reported to become transiently Na^+^ conductive, upon depletion of K^+^ ions, due to conformational changes in the selectivity filter, leading to C-type inactivation \[[@R17],[@R18]\]. hEAG1 inactivation is unique, since it is not slowed by elevated extracellular \[K^+^\] or extracellular TEA, but can be strongly enhanced by mutation of residue Tyr464, located in the S6 helix (see [Fig. 1A](#F1){ref-type="fig"}), or a small molecule activator \[[@R8]\].

In 2016, the Mackinnon lab solved the closed state structure of the rat orthologue of EAG1 (rEAG1) at 3.78 Å resolution using single-particle cryo--electron (cryo-EM) microscopy \[[@R19]\]. This structure reveals that similar to other K^+^ channels, EAG channels are formed by four subunits surrounding a central pore. Each subunit contains six transmembrane segments S1--S6 ([Fig. 1 A](#F1){ref-type="fig"}). The cytosolic regions contain a Per--Arnt--Sim domain at the N-terminus \[[@R20]\], a C-terminal C-linker domain, and a cyclic nucleotide-binding homology domain at the C-terminus \[[@R21],[@R22]\]. Unlike other K~v~ channels, the S4-S5 linker connecting the pore module with the voltage-sensing module, is only a short, 5-residue loop, which interacts with its own subunit as shown in [Fig. 1A](#F1){ref-type="fig"} \[[@R19]\].

EAG1 channels display a conventional selectivity filter (SF) structure, as can be seen in other K^+^ channel crystal structures ([Fig. 1B and C](#F1){ref-type="fig"}). The high resolution structure of the bacterial K^+^ channel KcsA revealed that backbone carbonyl oxygen atoms from each subunit assemble to form six ion binding sites, one outside the filter (denoted S0), four in the filter (denoted S1--S4) and one in the cavity \[[@R14]\]. MD simulations of different K^+^ channels, revealed that K^+^ ions can either occupy sites S1 and S3 or sites S2 and S4, while transitions between these two states have been observed to occur on the nanosecond timescale (for recent review on simulations see Ref. \[[@R23]\]). This indicates an almost barrier-less diffusion of ions.

The highly conserved signature sequence TXGYG, where X represents any hydrophobic residue, diverges to TSVGFG in the KCNH family, with the conserved tyrosine replaced by a phenylalanine ([Fig. 1C](#F1){ref-type="fig"}). The resolution of the EAG structure is too low to observe actual ion binding to the selectivity filter. Nevertheless, it is reasonable to assume that similar ion binding modes as in KcsA exist (shown in [Fig. 1B](#F1){ref-type="fig"}).

Numerous MD simulations on different K^+^ channels have provided detailed insights into the behavior of the SF \[[@R10],[@R12],[@R13],[@R23]--[@R27]\]. So far, no simulation studies have focused on the dynamics of the selectivity filter of the EAG1 channel.

Thus, the aim of the current study was to investigate the ion binding sites and dynamical behavior of the selectivity filter of the EAG1 channel, using atomistic MD simulations on the 100 ns time scale.

2. Methods {#S2}
==========

2.1. MD simulations {#S3}
-------------------

MD simulations were performed using the program Gromacs version 5.1.2 \[[@R28]\] with the same parameters as described previously \[[@R29]\]. Briefly, the transmembrane part of the EAG1 channel (pdb code: 5K7L) was embedded in a lipid bilayer consisting of 456 1-Palmitoyl-2-oleoylphosphatidylcholine lipids and solvated using the TIP3P water model \[[@R30]\], with a potassium chloride concentration of 150 mM. The amber99sb force field \[[@R31]\] was used for the protein. Berger lipid parameters were used for the membrane \[[@R32],[@R33]\].

2 times 100-ns MD simulations were performed with different ion configurations (S1,S3; S0,S2,S4; S0-S4; as well as the Y464A mutant channel (ions in S0,S2,S4) and with Na^+^ ions in the SF (placed at sites S0,S2,S4). Before each simulation, the protein atoms were restrained by a force constant of 1000 kJ/mol/nm^2^ to their initial position, and 1000 conjugate gradient energy-minimization steps were performed, followed by 5 ns of equilibrium simulation.

3. Results/discussion {#S4}
=====================

The conformational flexibility of the EAG1 structure in the closed state was analysed using MD simulations. Repeated simulations of the channel, embedded in a lipid-bilayer membrane, with different ion binding configurations, identified in previous simulations \[[@R25],[@R34],[@R35]\] were performed. Due to electrostatic repulsion, it was suggested that ions are located at alternate sites within the selectivity filter, separated by water molecules. However, more recently an alternative, direct knock-on mechanism without alternating water molecules in the filter was proposed \[[@R36]\]. Thus, we performed simulations with different filter ion configurations and monitored their time dependent behavior. Specifically, in system 1 (denoted S\[0,2,4\]) ions where placed at site S0, S2 and site S4, while water molecules where placed at sites S1 and S3 (for starting configurations see [Fig. 2B](#F2){ref-type="fig"}). In system 2 (denoted S \[[@R1],[@R3]\]), ions where placed at sites S1 and S3, with water molecules at sites S0, S2 and S4 ([Fig. 2F](#F2){ref-type="fig"}). In system 3 (denoted S\[0,1,2,3,4\]), ions where placed at sites S0--S4, without water molecules (shown in [Supplemental Fig. 1](#SD1){ref-type="supplementary-material"}). The stability of the different systems, measured as the root mean square deviation (RMSD) as a function of time is plotted in [Supplemental Fig. 3](#SD1){ref-type="supplementary-material"}. With RMSD values of 3 Å, the different closed state systems are comparable to previous values for low resolution structures \[[@R37]\].; K^+^ Ion Coordination in the Selectivity Filter.

To investigate the behavior of the ions in the different binding sites, we monitored the ion positions over time, as shown in [Fig. 2 A, E](#F2){ref-type="fig"} and [Supplemental Fig. 1](#SD1){ref-type="supplementary-material"}. No ion-conduction event was observed within 100 ns, due to the closed state of the activation gate, a dewetted cavity and the lack of ion gradient or applied voltage. Nevertheless, individual ion movements were observed in the selectivity filter.

In both S\[0,2,4\] simulations, ions at site 2 and 4 remained stably bound to their sites, due to optimal coordination of backbone carbonyls and side-chain hydroxyl groups of S436, with coordination numbers of 6--8. In contrast, the ion from site S0 dissociated into the extracellular solvent within short time (after 23ns in run 1 and \~ 1ns in run2), due to increased flexibility of the selectivity filter, as measured via monitoring the angles of the SF backbone carbonyl atoms over time. As can be seen in [Fig. 1D](#F1){ref-type="fig"}, two carbonyl groups of residue G440 and up to two carbonyl groups of F439 rotate away from the pore axis ('flip'), indicated by large rotations of the Ψ angles from their starting positions. This leads to defective ion coordination at site 0, which is rapidly propagated to site S1 ([Fig. 2CD](#F2){ref-type="fig"}). Generally, a widening of the upper part of the selectivity filter was observed in both runs, accompanied by increased water influx, and complete loss of ion coordination for sites S0 and S1.

Interestingly, a similar behavior of the SF was reported for the closely related hERG (Kv11.1) channel in MD simulations based on homology models \[[@R10],[@R25]\]. This suggests that increased flexibility of the filter might be an intrinsic feature of the whole KCNH family. Based on computational investigations from Ceccarini et al., 2012 \[[@R25]\], focusing on the conductance mechanism of the closely related hERG1 channel, it was suggested that the filter might visit partially unfolded states during permeation, distinct from non-conductive states. Rather, these states could reflect low conductance states, explaining the low conductivity of these channels. The conductance rates for hEAG1 and hERG1 are similar. However there is a clear difference in the rate of inactivation, which is unusually fast in hERG1 \[[@R38]\], but very slow in EAG1 \[[@R8]\] channels.

To further prope if the observed structural changes in the SF are due to increased filter flexibility, or possibly represent early conformational changes during inactivation, we monitored the number of water molecules behind the SF (see [Fig. 3](#F3){ref-type="fig"}). Water influx (three water molecules) behind the cavity has been previously shown to be linked to C-type inactivation in KcsA \[[@R12]\]. However, in contrast to KcsA, the filter geometry at site S1 is not "narrow" or "pinched" \[[@R11]\], instead the filter is dilated at the extracellular side, as has been previously suggested as alternative conformational change during C-type inactivation by Hoshi et al. \[[@R39]\]. However, only one water molecule was bound behind the SF, suggesting that the SF might not be in an early inactivated state. Additional simulations, particularly with an open state conformation and applied driving force will be needed to further test if the observed filter states represent low conductive states, or early inactivated states.

To discriminate protein-mechanistic from ion-induced effects possibly influencing filter flexibility, we performed additional simulations with varying ion occupancy \[[@R1],[@R3]\] and \[0, 1, 2, 3, 4\] in the filter (see [Fig. 2E](#F2){ref-type="fig"} and [Supplemental Fig. 1](#SD1){ref-type="supplementary-material"} for starting configurations. Analysis of the trajectories revealed that irrespective of the starting system, coordination of ions at site 0 rapidly was lost, due to conformational changes of the carbonyl backbone oxygens starting at G440. These changes rapidly propagated to site S1. In particular, the carbonyl group of F439 revealed increased flexibility as shown in [Fig. 1D](#F1){ref-type="fig"} (right side) and [Supplemental Fig. 2](#SD1){ref-type="supplementary-material"}. In system S \[[@R1],[@R3]\] ions instantaneously (within the first 20 ps) switched to positions 2--4, where they were stably coordinated over 100 ns Similar loss of ion coordination at site S0 and S1 and filter flexibility was observed in system S\[01234\], as shown in [Supplemental Fig. 1](#SD1){ref-type="supplementary-material"}. This further supports that increased filter flexibility might indeed be an inherent property of the KCNH family, not dependent on the ion configurations bound to the SF. Nevertheless, the filter geometry was clearly influenced by the starting ion configurations. In contrast to the S\[0,2,4\] system, water influx of at least two molecules behind the SF was observed in all S \[[@R1],[@R3]\] and S\[0,1,2,3,4\] runs, as can be seen in [Fig. 3](#F3){ref-type="fig"}. Based on simulations on KcsA \[[@R12]\], it is tempting to speculate that the conformational changes observed in systems S \[[@R1],[@R3]\] and S\[0,1,2,3,4,\] represent early inactivated states.

Hydrogen bond networks around the SF have been implicated in C-type inactivation in different K^+^ channels \[[@R11],[@R13],[@R15]\]. To test, if changed hydrogen bond networks behind the SF, led to conformational changes, enabling water leakage behind the SF, we monitored the hydrogen bonds between residues Y428, N441 and D398 as a function of time. As shown in [Supplemental Fig. 4](#SD1){ref-type="supplementary-material"}, there is no clear difference in the hydrogen bond network observable between the different simulation systems.

Thus to further probe, if the observed filter changes could represent early inactive conformations of the EAG1 channel, we introduced the Y464A mutation located in the S6 helix (see [Fig. 1A](#F1){ref-type="fig"} for location), which was previously shown to enhance C-type inactivation \[[@R8]\].; Behavior of the Y464A inactivation-enhancing mutant.

Simulations were started with K^+^ ions placed at sites 0, 2 and 4 and two times 100 ns simulations were performed. Similar to WT simulations, the carbonyl oxygens of G440 were displaced outwards in the Y464A mutant, which lead to an increased diameter of the selectivity filter and destroyed ion coordination sites at position S0 ([Fig. 4A, D, D](#F4){ref-type="fig"}). After K^+^ dissociation, water molecules entered the filter and led to further carbonyl group flips, at sites S1 and distortion of the upper part of the selectivity filter as shown in [Fig. 4C and D](#F4){ref-type="fig"} and [Supplemental Figs. 1 and 2](#SD1){ref-type="supplementary-material"}. Again, water molecules occupied the space behind the filter, possibly rendering the channel non-conductive, due to early conformational changes during C-type inactivation (see [Fig. 3B](#F3){ref-type="fig"}).

Thus, we investigated the influence of Na^+^ ions on the EAG1 filter geometry. To this end, we placed Na^+^ ions at sites S0, S2 and S4, separated by water molecules and performed 2 times 100 ns MD simulations. The conformational changes observed in these simulations are clearly distinct from all above described systems. As can be seen in [Fig. 4E](#F4){ref-type="fig"}, two of the three sodium ions remained bound to the filter over 100 ns, while the ion placed at site S0 rapidly dissociated. In both runs, the Na^+^ ion bound to site four, gradually moved upwards to site three, where it was coordinated by carbonyl groups from S634 and V635 after 100 ns The ion placed at site S2 moved upward slightly within the first 10 ns, leading to coordination of only four carbonyl oxygen groups of residue G438. This novel binding site was stable for the last 90 ns Additional ion coordination was achieved via water molecules, which passed from the extracellular site to sites S3 and S4. Despite different ion coordination behavior, the final filter geometry is not so different from systems S \[[@R1],[@R3]\] and S\[0,1,2,3,4\]. Again, water influx behind the SF was observed (shown in [Fig. 3C](#F3){ref-type="fig"}), suggestive of conformations representing early inactivation.

Summarizing, our studies revealed that the EAG1 selectivity filter is intrinsically highly dynamic, in agreement with previous theoretical studies on the closely related hERG1 channel \[[@R10],[@R25]\]. In all six WT runs, ion coordination at sites S0 and S1 was rapidly disrupted. A similar behavior was observed in the Y464A mutant runs and even when replacing filter K^+^ ions with Na^+^ ions.

In contrast, but consistent with previous theoretical studies (for recent review see Ref. \[[@R23]\]), ions were favourably bound to sites S2 and S4. Further, our simulations reveal that the starting ion configurations influence, if water molecules could become trapped behind the SF. It is tempting to speculate that the end states of systems S \[[@R1],[@R3]\] and S\[0,1,2,3,4\] represent early inactivated states of the EAG1 SF, since at least two water molecules are buried behind the SF (maintained over the whole simulation time) in all these simulations. It has been previously shown in μs long MD simulations that three water molecules bound behind the SF can lock the filter of KcsA in the inactivated state \[[@R12]\].

Further studies, including free energy calculations are necessary to analyse in depth, why site S0 is energetically less favourable for K^+^ coordination, as suggested by our unbiased free MD simulations. It has to be stressed that longer simulation times, preferably with an open state conformation will be needed to further validate our observations, based on the recently solved closed state cryo-EM structure of rEAG1.
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======================
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![Schematic representation of the transmembrane domain (TMD) of rEAG1.\
A) side view of the TMD of rEAG1, with helices S1-S6 labelled. The phospholipid head groups are shown as grey spheres. The filter K^+^ ions are coloured orange. B) side view of two opposing selectivity filter subunits of KcsA with K^+^ ions shown as orange spheres. C) side view of two opposing selectivity filter subunits of rEAG1. D) Ψ angles of SF residues over simulation time plotted in different colours.](EMS82961-f001){#F1}

![Ion binding sites and dynamics over simulation time.\
A, E) Positions of K^+^ ions along the z-coordinate are plotted over simulation time B, F) starting configurations for systems S\[0,2,4\] and S \[[@R1],[@R3]\]. C,D, G and H) end states after 100 ns, two opposing subunits shown each. K^+^ ions are shown as orange spheres, water molecules within 6 Å are shown in stick representation.](EMS82961-f002){#F2}

![Trapped water molecules in the cavity behind the SF.\
A) the trapped water molecules in system S \[[@R1],[@R3]\] are shown as spheres. Hydrogen bonds are indicated as black dotted lines. B,C) trapped water molecules in the Y464A inactivation enhancing mutant and C) with Na^+^ ions (pink spheres) bound to the SF.; Na^+^ binding to the EAG1 filter; Several K^+^ channels were reported to become transiently Na^+^ conductive, upon depletion of K^+^ ions due to conformational changes in the selectivity filter, during inactivation gating \[[@R17],[@R18]\].](EMS82961-f003){#F3}

![Ion binding sites and dynamics of the Y464A and Na^+^ systems.\
A, E) Position of the different K^+^ ions along the z-coordinate are plotted over simulation time B, F) starting configurations for systems Y464A and with Na^+^ ions, respectively. C,D, G, H) end states after 100 ns, two opposing subunits shown each. K^+^ ions are shown as orange spheres, water molecules within 6 Å are shown in stick representation, Na^+^ ions are shown as pink spheres.](EMS82961-f004){#F4}
